InTROduCTIOn
Delayed umbilical cord clamping (UCC) improves outcomes for preterm infants. The benefits include fewer blood transfusions, lower rates of intraventricular haemorrhage and necrotising enterocolitis, improved haemodynamics, and improved motor function at 18-22 months of age. [1] [2] [3] [4] However, if the newborn remains apnoeic after stimulation, international resuscitation guidelines recommend immediate UCC and moving the infant to a resuscitation platform to provide positive pressure ventilation (PPV). [5] [6] [7] As over 60% of infants less than 29 weeks' gestation receive PPV in the delivery room, the opportunity for delayed UCC in these infants is limited. 8 9 It is widely assumed that the main benefit of delayed UCC is placental to infant blood transfusion, which has led to the suggestion that umbilical cord milking (UCM) may be an alternative to delayed UCC.
In humans, investigators have milked 20 cm of the umbilical cord (UC) over 2 s, which is repeated two to four times. [10] [11] [12] [13] [14] [15] [16] [17] Proponents suggest that the primary advantage of UCM is the rapid transfer of blood from the placenta to the infant, which then does not delay the infant's transfer to a warming bed for respiratory support. However, this assumes that placental transfusion is the primary benefit of delayed UCC. Nevertheless, several trials have now concluded that UCM appears to confer the same benefits of delayed UCC 1 11 12 18-20 and may be more effective in infants delivered by caesarean section. 13 21 It is widely recognised that lung aeration is the key to maintaining physiological homeostasis during neonatal resuscitation as it is a requirement for pulmonary gas exchange and stimulates an increase in pulmonary blood flow (PBF). 5-7 22-27 Recent animal studies have demonstrated that ventilation prior to UCC ('physiological-based cord clamping' or PBCC) has benefits independent of a Original article placental transfusion, including maintaining cardiac output and stabilising arterial blood pressures during transition. 28 29 PBCC involves aerating the lung, stimulating a large increase in PBF, so that pulmonary venous return can immediately replace umbilical venous return as the primary source of left ventricular preload following UCC. PBCC also mitigates the large increase in arterial pressure and cerebral blood flow that results from the increase in afterload associated with UCC. 28 29 As a result, lambs receiving PBCC have more stable mean systemic blood pressures (MBP), mean carotid artery blood flows (CABF), cerebral oxygenation (SctO 2 %) and heart rate (HR) compared with lambs receiving immediate UCC.
No information is currently available on the physiological effects of UCM and whether it is physiologically similar to delayed UCC. We used preterm lambs to study the physiological changes induced by two UCM strategies. These were UCM without placental refill (UCMwoPR), which is most similar to UCM performed in human infants, [10] [11] [12] [13] [14] [15] [16] and UCM with placental refill (UCMwPR) to ensure placental blood transfusion prior to UCC. To our knowledge, no clinical trial has specifically used a strategy of UCMwPR in humans. These UCM techniques were compared with PBCC and immediate UCC to investigate how each influenced PBF, MBP, CABF, SctO 2 %, HR and UC blood flow. We hypothesised that UCM is not physiologically similar to PBCC and would simulate the haemodynamic instability of immediate UCC.
MeThOdS
All experimental procedures were performed in accordance with the National Health and Medical Research Council Code of Practice for the Care and Use of Animals for Scientific Purposes.
Surgical preparation and instrumentation
Pregnant ewes underwent caesarean sections at 126±1 days' gestation (approximately equivalent to 26 weeks' gestational age in humans) under general anaesthesia as previously described. 28 29 Anaesthesia was induced using an intravenous bolus of 5% sodium thiopentone (pentothal; 1 g in 20 mL) and, following intubation, maintained with inhaled isoflurane (1.5%-3%) in oxygen/air. Preterm fetal lambs were exposed by hysterotomy and polyvinyl catheters (20 gauge) inserted into the left fetal carotid artery and jugular vein. Flow probes (Transonic Systems, Ithaca, New York, USA) were placed around the right carotid artery, left main pulmonary artery, one umbilical artery and one umbilical vein (sheep have two umbilical veins and arteries). The fetal trachea was intubated with a 4 mm cuffed endotracheal tube and lung liquid was passively drained prior to ventilation. A near-infrared spectroscopy sensor (Casmed FORE-SIGHT, CAS Medical Systems, Branford, Connecticut, USA) was placed over the left frontal cortex to continuously measure cerebral oxygen saturation (SctO 2 %).
experimental intervention
Twenty-nine preterm lambs were randomised to one of four groups: UCMwoPR (n=6), UCMwPR (n=10), PBCC (n=7) and immediate UCC (n=6). UCM involved milking a 10 cm segment of UC eight times, taking 1-2 s per milk, starting at the placental end and milking towards the fetus. The UC was milked eight times because the UC is shorter in sheep than in humans, allowing only 10 cm of cord to be milked. In humans, 20 cm of the UC is commonly milked, and as we aimed to achieve a similar volume of blood transfer in lambs as in human studies, eight milks were required. In lambs receiving UCMwoPR, the UC was released in between milks so that the UC could potentially refill with blood from either the placental or fetal end; this is the technique commonly reported in humans. In lambs receiving UCMwPR, the UC remained occluded after each milk at the fetal end so that blood refilled the UC only from the placental end. The UC was then occluded on the placental end to ensure the UC retained its volume before the milking procedure was repeated (online supplementary videos 1 and 2). In both UCM groups, the UC was clamped immediately after the final milk, without a final release period, and ventilation commenced 30 s later. In the immediate UCC group, ventilation was initiated 30 s after the UC was clamped. In the PBCC group, ventilation commenced 3 min prior to UCC.
Ventilation and monitoring
In all subjects, ventilation began with a sustained inflation (30 cmH 2 O×30 s), followed by volume-guaranteed mechanical ventilation at 7 mL/kg with a positive end-expiratory pressure of 5 cmH 2 O, rate of 60 inflations per minute, inspiratory time of 0.5 s and fraction of inspired oxygen (FiO 2 ) of 0.21 (Dräeger Babylog 8000 Plus ventilator, Dräeger, Lübeck, Germany). The peak inflation pressure was limited to a maximum of 40 cmH 2 O. Blood gases were recorded immediately prior to commencing the experiment and then at 10 min intervals (ABL30, Radiometer, Copenhagen, Denmark). Ventilator and FiO 2 adjustments were made as needed to maintain arterial pH >7.25, partial pressure of carbon dioxide in arterial blood (PaCO 2 ) 45-55, and peripheral capillary oxygen saturation (SpO 2 ) according to published reference ranges for the first 10 min, then 85%-95% thereafter. 30 Vital signs and physiological parameters were monitored and recorded continuously using LabChart (ADInstruments, Bella Vista , New South Wales, Australia).
After UCC, an infusion of Alfaxan (5-15 mg/kg/hour, Jurox, Rutherford, Australia) in 5% dextrose was commenced to maintain sedation for the duration of the experiment. All lambs were ventilated for 60 min. Ewes were euthanised following UCC and lambs were euthanised at the conclusion of the experiment, both with an overdose of sodium pentobarbitone (100 mg/kg intravenously, Jurox).
Analysis and statistics
Baseline and fetal data were analysed using the Kruskal-Wallis test to compare groups. A two-way mixed analysis of variance (ANOVA) with post-hoc analysis using Games-Howell was performed to compare continuous variables between intervention groups. One-way repeated-measures ANOVA with Bonferroni correction for multiple comparisons was used for parametric data, or a Friedman's test with Bonferroni correction for multiple comparisons was used for non-parametric data to analyse the changes in continuous variables over time within each group. Normal data are presented as means and SEM, while non-normalised data are presented as medians and IQRs.
There are two veins and arteries in the fetal lamb; therefore, only half of the potential umbilical blood flow was measured. The flow of umbilical blood to the lamb was assigned a positive value, whereas blood flow from the lamb to the placenta was given a negative value. We measured blood flow, in mL/min, during the intervention in each vessel in relation to its baseline. The total volume of blood to the fetal lamb was calculated by subtracting the umbilical artery volume from the umbilical venous volume in mL/kg. The umbilical flows and net blood volumes transferred to the lambs were calculated during UCM for the UCM groups and compared with the time between onset of ventilation and UC clamping in the PBCC group (3 min for PBCC). In the PBCC lambs, the average flow for the umbilical vein, artery and the difference (UV-UA) was measured before and after ventilation onset and compared using a Friedman's test. PBF, MBP and CABF were measured from heartbeat to heartbeat and compared between groups at the time of cord clamping in immediate UCC, during UCM and immediately before cord clamping in PBCC. HRs and SctO 2 % were measured every second and compared during the first 5 min after UCC. SPSS V.24 was used for all statistical calculations. Statistical significance was accepted as P<0.05.
ReSulTS

Baseline fetal characteristics
Fetal characteristics and initial blood gas status were not different between groups (table 1) . Basal PBF, MBP, CABF, HR and SctO 2 % were similar in all groups before the experiment. Physiological recordings showing the effects of each UC intervention are shown in figure 1.
Placental transfusion and umbilical blood volume during milking
Net umbilical blood flow into the lamb (UV-UA) was higher in UCMwPR (8.8 mL/kg, IQR 8-10) than in UCMwoPR (0 mL/ kg, IQR −2.8 to 1.7, P=0.012) and PBCC (1.1 mL/kg, IQR −1.3 to 4.3, P=0.049) ( figure 2A, B) groups. No net placental to lamb blood transfusion was detected in UCMwoPR and PBCC lambs. The median volume of blood transfused to the lamb during each milk was 1.2 mL/kg (IQR 0.7-2.2) for the UCMwoPR group and 0.92 mL/kg (IQR 0.3-1.2) for the UCMwPR group. Following release of the UC between each milk, the volume of blood leaving the lamb (indicated by negative value) was −2 mL/ kg (IQR −2.8 to −1.1) in the UCMwoPR group and 0.1 mL/kg (−0.1 to 0.3) in the UCMwPR group.
Umbilical venous and arterial blood flows were significantly reduced in PBCC lambs on ventilation onset (P<0.005 for both umbilical venous and arterial flow). As the reductions were Original article 
Physiological parameters PBF, MBP, CABF, SctO 2 % and hR
UCM, either with or without placental refill, was not associated with a change in PBF (UCMwoPR: 2±1 mL/kg/min, P=0.21; UCMwPR: 1±1 mL/kg/min, P=0.82). While immediate UCC also did not increase PBF (3±2 mL/kg/min, P=0.37), PBF was significantly increased prior to UCC in PBCC lambs (26±6 mL/ kg/min, P<0.0005). At UCC PBF was significantly greater in PBCC lambs compared with UCMwoPR (P=0.012), UCMwPR (P=0.019) and immediate UCC (P=0.017) lambs. PBF was similar in UCMwoPR, UCMwPR and immediate UCC lambs ( figure 3) .
With each milk, MBP increased by 12%±1% and 8%±1% in UCMwoPR and UCMwPR lambs, respectively, and decreased by 10%±1% and 5%±0.5%, respectively, between milks during UC release. In immediate UCC lambs, MBP increased by 46%±11% (P<0.0005) over the first 70 heartbeats after UCC, whereas ventilation prior to UCC in PBCC lambs resulted in no change in MBP (5%±6%, P=0.46) after UCC. Indeed, MBP increased by 16%±3% after eight milks in UCMwoPR lambs (P=0.008), by 30%±3% in UCMwPR lambs (P=0.007) and by 46%±11% immediate UCC lambs (P<0.0005) over the first 70 heartbeats after UCM or UC clamping. Compared with PBCC, MBP was increased significantly in response to UCMwoPR (P=0.042), UCMwPR (P=0.021) and immediate UCC (P=0.049). There were no differences in MBP between UCMwoPR, UCMwPR and immediate UCC (figure 4).
With each milk, CABF increased by 32%±2% and 15%±2% in UCMwoPR and UCMwPR lambs, respectively, and decreased by 23%±1% and 8%±1%, respectively, between milks during UC release. During UCM, CABF increased by 40%±8% (P<0.0005) and 40%±2% (P=0.004) in UCMwoPR and UCMwPR, respectively, and by 71%±11% (P<0.0005) in response to immediate UCC. In PBCC lambs no significant change in CABF was observed (27%±10%, P=0.1) following UCC (figure 4). SctO 2 % decreased significantly after UCC in all groups, although the decrease was least in PBCC lambs (−17%, IQR 13-26) compared with UCMwoPR (−26%, IQR 23-25, P=0.03), UCMwPR (−35%, IQR 27-44, P=0.02) and immediate UCC (−34%, IQR 28-41, P=0.02) lambs (figure 3).
HR did not differ between groups in the 5 min after UCC.
dISCuSSIOn
Although UCM is becoming increasingly popular at the delivery of preterm infants, little is known about the acute physiological effects of UCM and how it influences the cardiovascular transition after birth. We have now quantified the blood transfer achieved by two different UCM strategies and compared the physiological changes associated with UCM with immediate UCC and PBCC strategies. We found that both UCM strategies caused large fluctuations in mean arterial blood pressures and cerebral blood flows that are similar to clamping the UC multiple times. While it is commonly assumed that UCM enhances blood transfer to the fetus, we found that only UCMwPR produced a net blood volume transfer towards the fetus. The measured transfer of approximately 8.8 mL/kg (IQR 8-10 mL/kg) of blood during UCMwPR likely represents half the volume the lamb received, as we only measured blood flow in one umbilical vein and one umbilical artery. The volume transfused via UCMwPR is therefore consistent with the reported blood volume transferred during UCM in humans. 16 31 UCMwoPR caused large fluctuations in blood pressure and cerebral blood flow without any benefit of blood volume transfer. While PBCC greatly mitigated the large oscillations in blood pressure and cerebral blood flow, it did not result in net blood transfer to the lamb. Thus, neither UCM technique was found to be equivalent to PBCC in terms of physiological stability. Both UCM techniques caused major adverse changes in arterial blood pressure and cerebral blood flows and did not stimulate an increase in PBF. As such, neither UCM strategies would be expected to duplicate the benefit of PBCC and prevent the large decrease in cardiac output that can occur with immediate UCC.
Several trials have examined UCC followed by a single UC milk. 16 18 19 32 We did not include a group representing this strategy because the UC is significantly shorter in sheep than humans, which would prevent a significant transfusion with this method, and the physiological consequences of immediate UCC in lambs are well known. 28 29 UCMwoPR did not achieve a net blood transfer to the lamb because blood rapidly refilled the umbilical vessels from the lamb between milks. It has been shown that multiple UCMs prior to UCC (intact-UCM) provide no benefit compared with one time UCM of a >20 cm length of cord after UCC (cut-UCM). 16 The most likely explanation for these observations is that during intact UCM, unless blood is only allowed to refill from the placental end, there is only a net transfer of blood to the fetus with the final milk. Nevertheless, the process of milking generated marked haemodynamic fluctuations, with no increase in PBF. We consider this finding to be of concern, as large swings in arterial pressure and cerebral flow caused by UCM are potentially injurious and increase the risk of cerebral vascular injury in preterm infants with an immature cerebral circulation. Similarly, holding the cord above the infant (by 20-30 cm) and milking blood down into the infant must generate pressures in Previous animal studies have shown that PBCC, which involves initiating ventilation prior to UCC, greatly mitigates the decrease in cardiac output and the large swings in arterial blood pressure and cerebral blood flow associated with immediate UCC. 28 29 The same large increases in arterial blood pressure and cerebral blood flow associated with immediate UCC were also observed in UCM (figures 1, 5 and 6), and occurred repeatedly with each milk. As we were able to exactly duplicate these arterial flow and pressure changes by simply occluding and releasing the UC without milking it (data not shown), these changes may simply result from the physiological response to umbilical artery occlusion. While immediate UCC results in a single step-like increase in arterial pressure and flows, UCM results in large oscillating swings in arterial pressures and flows with each milk. As such, depending on the number of milks, UCM has the potential to be considerably more injurious than immediate UCC.
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In contrast to UCM and immediate UCC, PBCC produced minimal fluctuations in cerebral blood flow and arterial blood pressure, which is consistent with our previous findings. 28 29 In addition, as ventilation had commenced prior to UCC, PBCC lambs also had much higher PBFs prior to UCC than all other groups. While it is often assumed that UCM increases PBF, our results clearly demonstrate that UCM does not increase PBF. Instead, PBF only increased following ventilation onset, irrespective of the timing of UCC, once again demonstrating the close relationship between lung aeration and the increase in PBF. In UCM, UCC prior to an increase in PBF reduces cardiac output with the same consequences of immediate UCC lambs. This reduction in cardiac output is caused by a loss of left ventricular preload (no umbilical venous return) combined with an increase in afterload caused by UCC and persists until the lungs aerate and PBF increases. In contrast, PBCC lambs had already increased their PBF prior to UCC, maintaining preload through pulmonary venous return.
We were unable to detect any placental transfusion using the PBCC strategy, which is consistent with our previous findings. 33 Recent studies in twins (both monochorionic and dichorionic) have shown that when born vaginally, first-born twins have significantly lower haemoglobin levels (at 2 hours and 48 hours after birth) than their second-born twin. 34 35 No differences were observed between first-born and second-born twins delivered by caesarean section, providing compelling evidence that placental transfusion may not occur in infants born by caesarean section. As all our lambs were delivered by caesarean section, this likely explains why we were unable to detect placental transfusion during PBCC. Furthermore, our inability to detect placental transfusion, despite a 10-fold increase in PBF in PBCC lambs, demonstrates that an increase in pulmonary blood volume associated with an increase in PBF is not responsible for placental transfusion. This is consistent with the previous finding that the increase in pulmonary blood volume, associated with pulmonary vascular dilation, is small and can only account for a total increase in blood volume of ~2%. 36 Mathematically, this can be explained by the fact that the volume of a tube increases with the increasing radius squared, whereas flow increases with increasing radius to the fourth power.
The lambs in our study had significant respiratory distress and required aggressive ventilation because they were not exposed to antenatal steroids, did not receive surfactant and did not breathe spontaneously. In newborns with exposure to antenatal steroids and who begin to breathe spontaneously before UCC, we would expect a larger increase in PBF and more benefit to the PBCC strategy. However, the most appropriate physiological targets for a PBCC-based strategy are unknown.
Our findings are not congruent with the reported clinical studies in that we have failed to demonstrate a significant 'placental transfusion' employing the widely described UCM technique. Repeated clinical studies have inferred a placental transfusion with either delayed UCC or UCM, which is commonly assessed indirectly by measuring haemoglobin levels or weight changes, and attributed improved clinical outcomes to this transfusion 1 10 13 14 37 In our newborn lamb studies, we have repeatedly demonstrated significant haemodynamic fluctuations with cord clamping that are negated if the lamb is ventilated prior to UCC (PBCC). This series of experiments further demonstrates that a 'placental transfusion' from an efficient cord milking technique further compounds the degree of haemodynamic disturbance during transition, suggesting that prior ventilation and not transfusion might be the main advantage of any delay in UCC.
Although this animal model offers considerable advantages in clearly eliciting the physiological changes that are associated with interventions during transition, it has some limitations. All our lambs are delivered by caesarean section in which both the ewe and fetus/lamb are anaesthetised. The majority of premature infants will initiate breathing in the delivery room, which may positively affect PBF and may affect umbilical blood flow. However, our analysis focuses on physiological changes that would occur prior to the initiation of breathing in the majority of preterm infants.
11 13 38 Another limitation of this study is that the fetal lamb undergoes instrumentation prior to the start of the experiment. All groups had similar baseline measurements and normal blood gas values that demonstrated stability. The UC is considerably shorter in sheep than humans and is not as accessible for milking. Lambs have a pair of umbilical veins; thus, we are assuming that blood flows in the measured and unmeasured vessels are similar. Lastly, these animal experiments are conducted only over the transition period and do not provide any information on longer term outcomes, as seen in clinical trials.
COnCluSIOnS
We have performed the first physiological investigation of UCM, using preterm lambs to test two different UCM techniques. We demonstrated that UCM creates large oscillating swings in arterial pressures and cerebral blood flows with each milk and did not increase PBF. UCMwoPR did not result in a placental transfusion, whereas UCMwPR did. During PBCC, PBF increased prior to UCC and greatly mitigated the large increase in arterial pressures and cerebral blood flows associated with UCC, but did not result in a placental transfusion. Further rigorous evaluation of UCM is required prior to routine clinical use. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
